An NDM-5-producing Klebsiella pneumoniae ST147 strain was isolated from a Japanese patient who had not travelled abroad in at least 5 years. Whole-genome sequencing revealed a genomic rearrangement in an FII plasmid harbouring bla NDM-5 due to the replicative transposition of IS26. A hypothetical structure was proposed for its ancestral plasmid, and comparative genomic analysis of the plasmid suggested the dissemination of structurally similar plasmids harbouring bla NDM-5 in Asian and Middle Eastern countries.
Carbapenemase-producing Enterobacteriaceae (CPE) represent an increasing global threat to public health. The horizontal transfer of plasmids with carbapenemase genes is a key mechanism for the acquisition of antibiotic resistance and the rapid dissemination of CPE [1] . After the first isolation of the New Delhi metallo-beta-lactamase (NDM)-producing Klebsiella pneumoniae in 2009 [2] , NDM-producing CPE have successfully spread worldwide and are now endemic in the Indian subcontinent, Asia, the Balkan regions and Middle Eastern countries [3, 4] .
Recently, investigators have reported the genomic characterization of an incompatibility group FII plasmid harbouring bla NDM-5 from an NDM-5-producing K. pneumoniae ST147 isolate [5] . Sequence analysis indicated a possible plasmid rearrangement by the insertion sequence IS26, which resulted in the excision of bla NDM-5 from the plasmid; however, the detailed mechanism was not described.
Herein, we show a distinct example of plasmid rearrangement by IS26 found in a bla NDM-5 -harbouring FII plasmid. We reconstructed an ancestral plasmid and used it for further genomic analysis.
A 31-year-old Japanese man was admitted to Osaka University Hospital in 2016 for treatment of gastroesophageal junction adenocarcinoma. He had not travelled abroad in at least 5 years. The patient developed an anastomotic leakage and underwent a secondary surgery for abscess drainage. During the surgery, pus in the pleural cavity was subjected to bacterial culturing and K. pneumoniae strain K3210 was isolated.
The minimum inhibitory concentration (MIC) was measured using a MicroScan WalkAway (Beckman Coulter, USA) and an EIKEN dry plate (EIKEN, Japan). K3210 showed resistance to carbapenems (Table S1 , available in the online version of this article) according to the Clinical and Laboratory Standards Institute criteria [6] . The carbapenem inactivation method [7] was used to evaluate the production of carbapenemase in K3210, and subsequent real-time polymerase chain reaction (RT-PCR) using a LightMix Modular kit (TIB MOLBIOL, Germany) identified the presence of bla NDM .
The isolation of NDM-producing Enterobacteriaceae is rare in Japan [8] [9] [10] [11] [12] . Whole-genome sequencing of K3210 was performed using PacBio RSII and Illumina MiSeq. The consensus sequence was obtained by mapping the sequence data with CLC Genomics Workbench version 7.5 (CLC Bio, Denmark). Multilocus sequence typing (MLST) [13] , plasmid replicon typing [14] , plasmid MLST [14] and identification of resistance genes [15] revealed that K. pneumoniae K3210 belonged to sequence type 147, harbouring bla NDM-5 on an FII plasmid [F2 : A-: B-] of 95 478 bp. The plasmid also encoded various other resistance genes [bla TEM1-B , aadA2, rmtB, mph(A), mrx, mphR(A), ermB, sul1, dfrA12, qacED1 and ble MBL ]. Pulsed-field gel electrophoresis using S1 nuclease (S1-PFGE) identified five plasmids of different sizes in K3210. Subsequent Southern blotting showed the hybridization of a digoxigenin-labelled bla NDM-5 -specific probe to a plasmid of approximately 95 kbp (Fig. S1 ).
The bla NDM-5 -bearing FII plasmid was designated as p3210-1. A BLAST search identified three similar FII plasmids [F2: A-:B-] with bla NDM-5 : pCC1410-1 (GenBank accession no. KT725788), isolated from South Korea in 2014 [16] ; pM214_FII (GenBank accession no. AP018144), isolated from Myanmar in 2016 [4] ; and pABC143C-NDM (GenBank accession no. KY130431), isolated from the United Arab Emirates (UAE) in 2013 [17] . All plasmid sequences were annotated with PATRIC 3.3.2 (www.patricbrc.org/), and the genomic structure was compared by EasyFig [18] with BLAST options of minimum length=1000, maximum expected value=0.001 and minimum identity value=99.
Comparison of the genomic structure of p3210-1 with that of pCC1410-1 revealed an inversion of approximately 30 kbp between these two plasmids (Fig. 1a) . The inverted sequence contained multiple resistance genes, including bla NDM-5 , bracketed by two IS26 sequences of opposite orientation on p3210-1 (Fig. 1b) . The upstream sequence of an IS26 and the downstream sequence of another IS26 shared the same sequence composed of eight nucleotides (CTAAATCG) in an inverted orientation (Fig. 2) . These characteristic sequence alignments indicated the occurrence of intramolecular transposition and simultaneous plasmid rearrangement by IS26, targeting the eight-nucleotide sequence as a target site [19] .
For further comparative analysis, a hypothetical ancestral plasmid (pAnc3210-1) was reconstructed in silico by repositioning the flanking sequences, target site and DNA region between the two IS26 sequences (Fig. 2) . Sequence comparison of pAnc3210-1 with pCC1410-1, pM214_FII and pABC143C-NDM revealed highly conserved genetic alignments (Fig. 3) , suggesting the dissemination of plasmids harbouring bla NDM-5 with a highly similar backbone in Asian and Middle Eastern countries.
The inference of crossborder dissemination of the FII plasmid harbouring bla NDM-5 was supported by the transferability of p3210-1 in conjugation assays using Escherichia coli strain ML4909 (azide-resistant, a gift from Professor Yoshikazu Ishii, Toho University) as a recipient [20, 21] . The transconjugants showed resistance to carbapenems (Table S2) . PCR using bla NDM -specific primers (forward: 5¢-ATGGAATTGCCCAATATTATGCACCCGG TC-3¢, reverse: 5¢-TCAGCGCAGCTTGTCGGCCATGCG-3¢) identified bla NDM-5 . S1-PFGE and Southern blotting showed that a plasmid harbouring bla NDM-5 was Fig. 2 . Mechanism explaining the generation of p3210-1 following intramolecular transposition of IS26 in a hypothetical ancestral plasmid (pAns3210-1). When an IS26 attacks a target sequence in the same replicon on the opposite strand (trans), the genomic region between IS26 and the target sequence is inverted, bracketed by the original and newly copied IS26 in an inverted orientation, resulting in the generation of p3210-1. successfully transferred to the recipient E. coli strain (Fig.  S1 ). The complete set of transfer genes in the F-type plasmid consisted of 24 tra genes, 9 trb genes, finO and artA. Although p3210-1 lacked trbG, trbH and artA, these three genes were the least conserved transfer genes in the Ftype plasmid and seemed to be nonessential for conjugal transfer of the plasmid [22] .
In summary, we examined a plasmid rearrangement by IS26 found in a bla NDM-5 -bearing FII plasmid. IS26 plays a critical role in the diversity of plasmids with antibiotic resistance genes in Gram-negative bacteria [19, 23, 24] . Further analysis is required to reveal the clinical importance of reorganization by IS26 in carbapenemase gene-bearing plasmids.
Funding information
This study was supported by the Japan Initiative for Global Research Network on Infectious Diseases (J-GRID) from the Ministry of Education, Culture, Sport, Science and Technology in Japan, and by the Japan Agency for Medical Research and Development (AMED).
